By adsorbing poly(N-isopropylacrylamide) (PNIPAAm) from an aqueous solution onto oxidised polystyrene without the need for grafting the polymer to the surface, we showed here that cells (CHO-K1) adhere and grow well at 37 • C and are detached by lowering the temperature to 10 • C without any other deleterious treatment. Both bacterial culture grade polystyrene Petri dishes and polystyrene beads (120 to 250 µm diamaters) commercially available used in static conditions of growth were tested with similar results. The contact angle of modified Petri dishes with a water droplet increases from 36 to 58 • when the temperature is raised from 25 to 37 • C indicating change in hydrophilicity of the surface as a function of temperature.
Introduction
The incorporation of functional groups in polymers to modify their surface without changing the bulk properties of the material has been widely studied (Kubota and Ujita, 1995; Kubota and Shiobara 1998; Yakushiji and Sakai, 1998; Liang et al; Okahata et al., 1986) . This is especially important in biomaterials where interactions between the surface and cells are requested (Makino et al., 1999; Ong et al., 1999; Seto et al., 1998) . Nowadays a large number of surfacemodification technologies are available. For instance, irradation with ultraviolet-visible light or gamma rays (Onyiriuka et al., 1993) , plasma treatment (Idage and Bamdrinarayanan, 1998) , and ion-beams irradiation (Zhao et al., 1999) .
Grafting is also a technique used to modify polymer surfaces (Fujishige et al., 1989; Geuskens and Tiriaux, 1993; Grierson et al., 1994; von Recum et al., 1998; Geuskens et al., 2000) . Polymers such as poly(N-isoproylacrylamide) (PNIPAAm) that exhibit a lower critical solution temperature (LCST) have been grafted (Fujishige et al., 1989) . The resulting material is hydrophilic below 32 • C (the LCST of PNIPAAm) and hydrophobic above that temperature. Several works have shown that this effect may be used in biotechnology allowing the detachment of cells without introduction of chemicals like EDTA or proteolytic enzymes that could, sometimes, damage the cells (Grierson et al., 1994; von Recum et al., 1998) .
However though this low temperature detachment presents interesting practical potentialities, it has not been commercially applied so far. Reproducibility of this observation has been indeed disputed (Blümi, 1999) and therefore further studies were needed. Further support for the feasibility of this interesting idea is provided in this work in which we modified the surface of polystyrene beads by adsorbing PNIPAAm from aqueous solution. The resulting material behaves as classical PNIPAAm-grafted-polystyrene surfaces: the cells adhere, spread and grow at incubation temperature (37 • C) but can be totally detached by lowering the temperature from 37 to 10 • C. The process of adsorption will be described in this paper as well as the results from the surface characterization and cell culture and detachment.
Materials and methods

Synthesis of PNIPAAm
The PNIPAAm was synthesized by redox polymerization as published by Muniz and Geuskens (2000) . Briefly, 200 ml of aqueous solution of Nisopropylacrylamide (NIPAAm, 5 wt %) and sodium persulfate (4 wt %) were prepared in distilled water.
The solution was deoxygenated by nitrogen bubbling for 30 min. Afterwards, 0.8 ml of aqueous solution of tetramethylethylenediamine (TEMED) (6 ml l −1 ) was added and the polymerisation was carried out at ambient temperature.
The resulting polymer was precipitated by pouring the aqueous solution in hot water (80 • C). The white precipitation was dried in vacuum at 50 • C for two days.
The PNIPAAm obtained has [η] = 80.0 ml g −1 , measured in water at 25 • C. The M v is ca. 5.3 × 10 5 g mol −1 , determined using the Mark-HouwinkSakurada equation. based in the values of a = 0.97 and K = 2.26 × 10 −4 g −1 , published by Chiantore et al. (1979) .
Adsorption of PNIPAAm on oxidised polystyrene Petri dishes
25 ml of aqueous sodium persulfate (30 wt %) was added to 125 ml of PNIPAAm solution (8 wt %) and the mixture deoxygenated by bubbling nitrogen for 30 min. Afterwards, 0.4 ml of an aqueous solution of TEMED (6 mol l −1 ) was added and nitrogen bubbling was performed for another 10 min before pouring 5 ml of final solution in cleaned untreated bacterial culture grade polystyrene (PS) Petri dishes. These were kept overnight at room temperature before being copiously washed with distilled water. Their surface was characterized by i) contact angle with a water droplet and ii) adhesion, growth and detachment of cells.
Contact angle measurements
Small pieces from the modified Petri dishes washed copiously with water were wiped dry with a soft piece of tissue. Static contact angles were measured with a specially assembled apparatus involving an optical projection technique to magnify a droplet of water placed on the polymer. The image of the droplet is projected on a screen and the contact angle measured directly. To measure the contact angle at temperatures higher than room temperature the polymer was put on a hot plate with temperature control.
Adsorption of PNIPAAm on oxidised polystyrene beads
Beads of PS kindly supplied by Petrofina (Belgium) were sieved and the portion between 180 and 250 µm was used. The sieved beads were washed with methanol an dried in vacuum at 50 • C. 10 g of beads were suspended in 125 ml of aqueous solution of PNIPAAm (8 wt %) and 25 ml of aqueous sodium persulfate (30 wt %) were added to the flask. Nitrogen was bubbled for 30 min before addition of 0.4 ml of aqueous solution of TEMED (6 mol l −1 ). The system was further degassed for 10 min, closed and stirred overnight at room temperature. Afterwards the beads were filtered, washed copiously with distilled water and dried in vacuum at 50 • C. The surface of modified beads was characterized by their ability to permit adhesion, growth and detachment of cells.
Sterilisation
The Petri dishes and PS beads, treated as described above, were packed in polypropylene bags that were properly sealed. The bags were sterilised by exposure to a dose of 1 Mrad of γ -radiation from a 60 Co in a Gammacell 220 (tomic Energy of Canada Ltd.).
Adhesion, growth and detachment of cells
Beads (0.05 g ml −1 ) were suspended in 10 ml of phosphate buffer solution (PBS) then centrifuged at 3000 rpm for 10 min and resuspended in 10 ml of culture medium for 2 days.
The cell line used was CHO-K1 (Chinese Hamster Ovary, type K1). The basal medium consisted in a DMEM/HAM F 12 mixture (1/1 v/v), buffered with potassium bicarbonate at 3.7 g ml −1 , supplemented with 5% (v/v) of Foetal Calf Serum (Gibco, Life Technologies), 20 mmol l −1 glucose, 4.5 mmol l −1 glutamine and 2% (v/v) MEM essential amino acids and 1% (v/v) non essential amino acid from Gibco stock solution 50× and 100× respectively.
The cells were cultivated on modified PS Petri dishes and modified beads. For comparison, untreated Petri dishes and PS beads were also used. The experiments for the evaluation of cell growth were performed at 37 • C in an incubator under 5% CO 2 atmosphere. The total amount inoculated is 7.5 × 10 5 cells in 5 ml. After 24 hr the medium was removed to Figure 1 . Contact angle of a modified PS surface with a water droplet as a function of temperature (surface modification contact angle measurement as described in material and methods).
eliminate cells that have not adhered on the different surfaces.
Cell concentration was determined with an haemacytometer and viability by trypan blue exclusion. Every day, the modified Petri dishes or beads were placed at 10 • C and after one hour the cells were resuspended readily in cold medium and counted.
For beads treated with PBIPAAm, a special procedure was used since they do not sediment easily: beads were centrifuged at 1000 rpm for 5 min, the supernatant was removed and the beads were collected in PBS. The system was further centrifuged twice at 400 rpm for 5 min to eliminate dead cells. After one hour, cells are detached by cooling at 10 • C and 500 µl of cell suspension was added to 500 µl of trypan blue for the counting.
Results and discussion
Contact angle measurements
The contact angle of modified Petri dishes with a water droplet increases when the temperature is raised from 25 to 37 • C. This is clear evidence that the surface is more hydrophilic below the LCST of PNIPAAm (32 • C) than abobe (Figure 1 ).
Cell culture Adhesion and detachment of cells on modified PS Petri dishes and beads
The modified polystyrene beads exhibit a very in- teresting behaviour since the cells adhere very well on them at 37 • C. Once they adhere they grow and spread somewhat when incubated and cultured at 37
• C. Moreover, the cells detach easily when the beads are cooled down from 37 to 10 • C after 24 and 48 hr of cell culture (Table I ).
The same experiments were done in Petri dishes. We observed a total detachment at 10 • C on modified PS Petri dishes and beads while this was very low with commercial tissue culture grade dishes. In dynamic conditions (spenner) the cells do not adhere to the treated beads.
With untreated bacterial grade PS Petri dishes and untreated beads neither spreading nor growth of cells was observed. This shows that without firm attachment, the growth is inefficient. Therefore the attachment of cells onto modified PS beads still has to be improved in order to allow the use in PNIPAAm treated beads for cell culture ion dynamic conditions. Figure 2 presents the growth behaviour of CHO-K1 cells performed on PNIPAAm modified PS Petri dishes. For comparison, tissue culture grade Petri dishes (positive control) and bacterial culture grade Petri dishes (negative control) were used. The kinetic curves show that the factor of multiplication is about 4 for tissue culture grade ( : T.C.) and PNIPAAm treated Petri ( : Wi PNIPAAm). The plateau, in fact, is reached when the surface of the polymer is completely covered by cells resulting in a monolayer of cells that spread however only partially. Adsorption of PNIPAAm on oxidised PS surface results in a growth kinetics of CHO-K1 similar to that observed with commercial tissue culture Petri dishes. However, in those commercial tissue culture dishes cells do not detach spontaneously when the temperature is reduced and cells must be detached by enzymatic treatment (trypsine) for the counting.
Kinetics of cell growth
Cell growth on untreated Petri dishes ( : Non T.C.) is inefficient because cells do not adhere on unmodified PS.
The re-use of the beads after the detachment of the cells was investigated. After detachment of the cells by shifting the temperature from 37 to 10 • C, the beads were copiously washed with distilled water and sterilised. The re-used beads modified by adsorption of PNIPAAm show the same capability as presented in the first run. This shows that the beads can be re-used after cell detachment for further cell growth (data not shown).
Conclusions
Treatment of PS Petri dishes or beads by a KNIPAAm solution in the presence of sodium persulfate and TEMED results in simultaneous oxidation of the PS surface and adsorption of the water soluble polymer. The resulting material exhibits hydrophilic behaviour at low temperature and hydrophobic properties at temperatures above 37 • C, the LCST of PNIPAAm in wtaer. We have shown that adsorption of PNIPAAm without grafting permits adhesion and growth of CHO-K1 cells on PS and detachment of cells at 10 • C in very mild conditions without deleterious treatment. These properties are of considerable interest for the adhesion and growth of cells in connection with interactions between the polymer surface and cells.
